Seven ureaplasma strains isolated from the oral cavities of domestic cats (Felis domestica) were characterized and compared with the type strains of the three previously established species of this genus, Ureaplasma urealyticum (humans), Ureaplasma diversum (cattle), and Ureaphsma gallorule (chickens). The feline strains hydrolyzed urea but not arginine or glucose, were membrane bound, lacked cell walls, passed through 0.45-pm membrane filters, required cholesterol for growth, and formed minute (15to 140-pm) colonies on agar medium. The seven feline strains fell into two distinct groups based on (i) their antigenic properties (determined by using the metabolism and growth inhibition and indirect immunoperoxidase procedures), (ii) their genomic properties (determined by using DNA-DNA hybridization and DNA cleavage pattern procedures), and (iii) their polypeptide profiles (determined by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis analyses). Based on these properties, the two feline groups were unrelated to each other or to the three previously established species, and each group represents a distinct Ureaplasma species. Thus, we propose that ureaplasmas with these phylogenetic and genomic properties be given taxonomic status as Ureaplasma felinum and Ureaplasma cati, with strain FT2-B (= ATCC 49229 = NCTC 11709) and strain F2 (= ATCC 49228 = NCTC 11710) as the type strains, respectively.
The genus Ureaplasma belongs to the family Mycopfasmataceae and is comprised of organisms that hydrolyze urea. Ureaplasmas are widely distributed in nature and colonize most animal species that have been examined, including humans (26, 27) , nonhuman primates (39, cattle (12, 34) , sheep (22) , goats (6), dogs (39, cats (31) , mink (3, raccoon dogs (15), pigs (29) , and birds (28) . They are also responsible for a number of diseases of humans and animals (6, 26) . Until now, only three species have been established within the genus. Ureaplasma urealyticum was isolated originally from a patient with nongonococcal urethritis (2) , Ureaplasma diversum was isolated from the lungs of cattle with pneumonia (ll), and Ureaplasma gallorale was isolated from the oropharynges of healthy chickens (16) . There are at least 14 serovars of U . urealyticum, three serovars of U . diversum, and one serovar of U . gallorale.
Ureaplasma strains isolated from domestic cats (Felis domestica) have been reported previously to be unrelated to and distinct from the three previously established species based on their antigenic and genomic properties (7, 9, 10, 17, 19, 20) . In addition, we have reported that the G+C contents of DNAs from strains which belong to the two species proposed in this paper are 27.9 mol% (13) and 28.1 mol% (7) ; these contents are within the range of values (26.9 to 31.6 mol%) reported for the previously established species. Based on the data reported previously and in this paper, we believe that each of the two feline ureaplasma groups merits taxonomic classification as a new species, and we report here further characterization of these ureaplasmas, designed to complete their formal taxonomic description and allow taxonomic designation. Morphology and ultrastructure. The cells from actively growing broth cultures were sedimented by centrifugation at 10,000 x g for 30 min, and the resulting pellets were suspended, transferred to microscope slides, stained with Gram stain, and examined by light microscopy. A Hitachi model HU-12 electron microscope was used to examine ultrathin sections as described below. The cell pellets were fixed with phosphate-buffered glutaraldehyde, dehydrated with increasing concentrations of ethanol, and then exposed to increasing concentrations of propylene oxide. The preparation was gradually introduced to the embedding medium (Poly/Bed 812; Polysciences, Inc., Warrington, Pa.) by diluting the embedding medium with propylene oxide and then increasing the concentration of the embedding medium until full strength was reached. The preparation was then solidified under a vacuum by heating it to a maximum temperature of 80°C. The sections were placed on grids, stained with uranyl acetate and lead citrate, and examined.
Reversion studies. Each of the seven feline ureaplasma strains examined was serially subcultured five times in broth media without antimicrobial agents, and each broth subculture was inoculated onto antimicrobial agent-free solid medium and observed for reversion to bacteria.
Filtration studies. Early-log-phase cultures of the two proposed feline type strains, strains FT2-B and F2, were passed with gentle pressure, in sequence, through a series of sterile membrane filters (Millipore Corp., Bedford, Mass.) with average pore diameters of 800, 650, 450, and 200 nm. The titer of each filtrate was determined by seven serial 10-fold dilutions into broth media and was expressed as the number of color-changing units per milliliter. The titer was calculated based on the last broth culture dilution that showed a pH color change, which indicated growth.
Sterol requirement. The effects of cholesterol on the growth of strains FT2-BT and F2T were determined by using a technique described previously (24) . Briefly, seven flasks of basal broth media (25 ml) devoid of horse serum were enriched with a series of supplements, including 0.5% bovine albumin fraction V and 10 Fg of palmitic acid per ml, and then the enriched basal medium was supplemented with either 1% PPLO serum fraction (Kitasato Institute, Tokyo, Japan) or 1, 5 , 10, or 20 p, g of cholesterol per ml. The test cultures were grown in the basal broth media enriched with 1% PPLO serum fraction. Each medium formulation was distributed into a series of seven test tubes (0.9 ml per tube). The first tube was inoculated with 0.1 ml of the test culture, and this was followed by six serial 10-fold dilutions. The Harasawa. culture tubes were sealed with rubber stoppers, incubated aerobically at 36 -+ 1"C, and observed daily for growth, and the titer (number of color-changing units per milliliter) of each was determined.
In addition, the seven feline ureaplasma strains were also examined to determine whether colony growth was inhibited by 375 pg of digitonin, using the disk procedure (4).
Biochemical tests, The ability to catabolize urea or arginine was examined by inoculating strains into broth media containing either 0.05% urea or 0.5% arginine. Cultures of broth media without urea or arginine and uninoculated broth media were included in the tests as negative substrate and pH medium controls. The inoculated cultures and uninoculated broth controls were incubated at 36 * 1°C and observed periodically for 2 weeks for an alkaline pH color change, which indicated catabolism of either compound, The ability to ferment glucose was determined by the development of an acid pH shift in broth cultures containing 0.5% glucose.
Serological tests. The procedures used for the preparation of antigens and the production of antisera in rabbits have been described previously (10,19). The antigenic properties of the feline strains were compared with those of the previously established species by using the indirect immunoperoxidase test (14). Briefly, ureaplasma colonies of each of the 25 feline, human, bovine, and avian ureaplasma strains tested were grown on a series of agar plates, and each strain was incubated with serial dilutions of each of the 15 test antisera for 2 h. The sera and strains used are shown in Table 2 . The colonies were washed with phosphate-buffered saline for 2 h and then exposed to our pretested peroxidase conjugate that was diluted 1:lOO; this was followed by exposure to 4 ml of the developing solution per agar plate (diameter, 60 mm). The staining intensity of the immunoperoxidase reaction was scored as a negative reaction (-) or as a positive reaction ranging from minimal (+) to intense (+++). The titer was calculated as the reciprocal of the highest dilution of antiserum which showed an intermediate Polyacrylamide gel electrophoretic patterns. The sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) patterns of cellular polypeptides were determined by using a procedure described by Daniels and Meddins (3).
Briefly, the ureaplasma strains tested were grown in broth medium overnight at 36 k 1"C, cells were harvested by centrifugation at 10,000 X g for 30 min, and the cell pellets were washed in phosphate-buffered saline (pH 7.2). The washed cells were suspended in TE buffer (10 mM Tris, 1 mM EDTA; pH 7.2), diluted 1:l with a solution containing 2% SDS, 5% 2-mercaptoethanol, and 20% glycerol, and then boiled for 3 min. Electrophoresis was performed on 10% SDS-polyacrylamide gel slabs by using the procedure described by Laemmli (21) .
RESULTS
We attempted to determine characteristics to clearly distinguish the two feline groups from the previously established species and provide the basis for proposing new species.
Growth characteristics. (i) Optimal pH for growth. Optimal growth was determined by inoculating from lo2 to lo3 color-changing units of a broth culture of either strain FT2-BT (= ATCC 49229T) or strain F2T (= ATCC 49228T) into a series of broth medium tubes in which the pH values were adjusted by 0.1-U increments and ranged from pH 5.0 to 8.0. Optimal growth of the two proposed type strains occurred in medium in which pH values ranged from 6.0 to 7.0. There was far less growth in medium in which the pH values were adjusted to more than 7.0 or less than 6.0 (data not shown).
(ii) Morphology and ultrastructure. (a) Colony morphology. Strqins FT2-BT (= ATCC 49229T) and F2T (= ATCC 49228T) each produced minute (diameter, 15 to 140 Fm), diffuse, granular colonies, and, on passage, some colonies tended to develop a fried-egg appearance (Fig. 1) .
(b) Cell morphology. The cells were pleomorphic and gram negative. Most cells were coccoid or coccobacillary, but occasional filaments were observed. Thin sections of cell pellets examined by electron microscopy revealed pleomorphic organisms with a typical trilaminar unit membrane and no evidence of a cell wall (Fig. 2) .
(iii) Sterol requirement. The effects of cholesterol and the PPLO fraction on growth were identical for strain FT2-BT (= ATCC 49229T) and strain F2T (= ATCC 49228T). These two strains did not grow in medium free of cholesterol or serum or in medium supplemented with only albumin fraction and palmitic acid. They did grow in medium containing serum or cholesterol or 1% PPLO serum fraction, and growth was proportional to the concentration of cholesterol incorporated into the basal medium to a maximum concentration of 20 Fg/ml. Thus, these strains required cholesterol for growth.
(iv) Effect of digitonin on growth. The growth of each of the seven feline ureaplasma strains examined was inhibited by 375 Fg of digitonin, with zones of inhibition ranging from 4 to 7 mm. Colony growth was not inhibited by the control disks without digitonin.
Biochemical characteristics. Each of the seven feline strains tested produced a slight alkaline color change and a corresponding slight increase in pH from 6.1 to 6.5 in broth medium without urea. In broth medium supplemented with 0.05% urea, there was a marked alkaline color change and a corresponding increase in pH from 6.1 to 7.8, indicating that urea was hydrolyzed. We found no evidence that the seven feline strains either hydrolyzed arginine or fermented glucose.
Reversion studies. None of the seven feline strains tested showed any evidence of reversion to a bacterial form.
Filtration studies. Actively growing cultures of strains FT2-BT (= ATCC 49229T) and F2T (= ATCC 49228T) readily passed through membrane filters with pore sizes of 450 nm or greater but failed to pass through filters with pore sizes of 220 nm or less (data not shown).
Antigenic properties. The seven feline strains fell into two distinct serogroups based on their antigenic properties, as determined by using the indirect immunoperoxidase procedure ( Table 2 ). These findings confirm the data obtained previously by using the metabolism and growth inhibition procedures (19, 20) . The four feline serogroup SI strains exhibited positive reactions with the two antisera prepared against serogroup SI strains FT2-BT (= ATCC 49229T) and F45d2, but they did not react with antiserum prepared against serogroup SII strain F2T (= ATCC 49228T). Conversely, the three serogroup SII strains exhibited positive reactions with serogroup SII strain F2T (= ATCC 49228T) antiserum, but not with antisera prepared against the two serogroup SI strains. The seven feline strains did not react with hyperimmune sera prepared against either avian type VOL. 40, 1990 U (Table 2) . Thus, the two feline ureaplasma serogroups are antigenically distinct; they are unrelated to each other or to the three previously established species and merit species status. SDS-PAGE: cellular polypeptides. The electrophoretic protein patterns of the feline strains were distinct from those of the three previously established Ureaplasma species. The patterns of feline serogroup SI strains FT2-BT (= ATCC 49229T) and F45d2 were similar to each other but distinct from the pattern of feline serogroup SII strain F2T (= ATCC 49228T) ( Fig. 3) .
Nucleic acid hybridization studies. We report in an accompanying paper (9) that there is less than 10% DNA homology between the proposed type strains of the two feline serogroups and the type strains of the three previously established Ureaplasma species. In fact, each of the type strains of the human, bovine, and avian species, unidentified canine serogroup SI, and the two feline serogroups (serogroups SI and SII) was genomically distinct, having less than 10% DNA homology with any other type strain. The feling strains fell into two genomically distinct groups (less than 10% homology between the type strains), and these two genomic groups corresponded exactly with the two distinct serogroups. The DNA probe prepared from feline serogroup SI strain FT2-BT exhibited 89 to 100% DNA homology to the feline serogroup SI strains, but less than 10% homology to the feline serogroup SII strains. The feline serogroup SII strain F2T probe showed 83 to 100% DNA homology to the other feline serogroup SII strains, but had no significant level of homology with the feline serogroup SI strains. Thus, the feline serogroup SI strains were antigenically and genomically related to each other but distinct from the feline serogroup SII strains. Thus, each group represents a separate species.
DISCUSSION
Feline ureaplasmas were first isolated in 1971 from the throats of clinically normal cats by Tan et al. (30, 31) ; subsequently, feline strains were isolated from nasal cavities and urogenital tracts by other workers (10, 19). Unf'ortunately, the genital isolates were lost, and only our oropharyngeal isolates were included in this study. Although the role of ureaplasmas in feline diseases is not clear, Tan and Miles (32) suggested that they may be involved in abortion based on studies in which pregnant dams were experimentally inoculated.
We assembled the morphological, biological, biochemical, antigenic, and genomic properties of seven oral ureaplasma strains isolated from cats and obtained from several Japanese sources. These strains were membrane bound (i.e., lacked cell walls), were filterable, were resistant to penicillin, and required cholesterol for growth. They hydrolyzed urea but not arginine or glucose, grew best at pH 6.0 to 7.0, and produced typical, tiny colonies on agar medium.
There was no antigenic relatedness between these two feline groups and the previously established type strains of the 14 serovars of U . urealyticum, the three serovars of U . diversum, or U . gallorale. We showed previously that these feline strains were also antigenically distinct from the unidentified ureaplasma serogroups isolated from simian, ovine, caprine, and canine sources (17).
The feline ureaplasma strains which we examined were separated into two serologically distinct groups as determined by metabolism and growth inhibition tests (19,20) and immunoperoxidase tests. This separation correlated exactly with distinctive genomic properties, as determined by DNA hybridization techniques (9) and DNA cleavage patterns (8, 23) , and with distinct polypeptide patterns, as determined by SDS-PAGE. These characteristics clearly distinguished the two feline groups from each other and from the three previously established species and provide the basis for proposing new species.
Howard et al. (13) reported a DNA G+C content of 27.9 mol% for feline strain 382, and we reported a DNA G+C content of 27.1 mol% for feline serogroup SI strain FT2-BT (= ATCC 49229T) (7) ; these values are consistent with the range of values (26.9 to 31.6 mol%) reported for all other Ureaplasma species or strains that have been examined (1, 13) . Thus, the combined morphological, biological, and biochemical data indicate that the seven feline strains belong to the genus Ureaplasma, and the combined antigenic, genomic (DNA homology and DNA cleavage patterns), and SDS-PAGE profiles indicate that the two feline groups are distinct and are unrelated to each other or to the three previously established Ureaplasma species and that each merits species status.
The characteristics of the two feline groups were in accord with the characteristics common to the genus Ureaplasma (33) . There were no phenotypic distinctions that separated the two feline groups from the three previously established species, and species identification was based on distinctive serological and genomic properties and SDS-PAGE polypeptide patterns.
We propose that strains belonging to feline serogroup SI be named Ureaplasma felinum sp. nov. (fe. li' num. L. neut. adj. felinum, of or belonging to a cat). A cloned culture of strain FT2-BT (originally designated strain FT2 [lo]) has been deposited in the American Type Culture Collection as strain ATCC 49229 and in the National Collection of Type Cultures as strain NCTC 11709.
Ureuplasma felinum sp. nov. Cells are coccoid or coccobacillary, but occasional filaments are seen. Gram negative. Nonmotile. Optimal temperature, 36 ? 1°C. Optimal pH, 6.0 to 7.0. Colonies are tiny, 15 to 140 pm in diameter, and usually granular in appearance; occasionally fried-egg morphology is seen. Growth is retarded by 0.05% thallium acetate but not by penicillins. All strains hydrolyze urea with production of ammonia. Arginine and the usual carbohydrates are not metabolized. All strains examined thus far have been isolated from oropharyngeal cavities of domestic cats. The G+C content of the DNA of strain FT2-BT is 27.1 mol%. The type strain is serologically distinct from the type strains of U . urealyticum, U . diversum, U . gallorale, and U . cati sp. nov. and from the unidentified ureaplasma serogroups isolated from simian, ovine, caprine, and canine sources. The type strain, strain FT2-B (= ATCC 49229), is also genomically distinct from the type strains of the three previously established species and U . cati sp. nov. as determined by [3H]DNA-DNA hybridization and DNA cleavage patterns. The PAGE polypeptide patterns are also distinct from the patterns of these four species.
We propose that strains belonging to feline serogroup SII be named Ureaplasma cati sp. nov. (ca' ti. L. gen. n. cati, of a cat). A cloned culture of type strain F2 of U . cati has been deposited in the American Type Culture Collection as strain ATCC 49228 and in the National Collection of Type Cultures as strain NCTC 11710.
Ureaplasma cati sp. nov. Cells are coccoid or coccobacillary, but occasional filaments are seen. Gram negative. Nonmotile. Optimal temperature, 36 5 1°C. Optimal pH, 6.0 to 7.0. Colonies are tiny, 15 to 140 Fm in diameter, and usually granular in appearance; occasionally fried-egg morphology is seen. Growth is retarded by 0.05% thallium acetate but not by penicillins. All strains hydrolyze urea with production of ammonia. Arginine and the usual carbohydrates are not metabolized. All strains examined thus far have been isolated from oropharygeal cavities of domestic cats. The type strain is serologically distinct from the type strains of U . urealyticum, U . diversum, U . gallorale, and U . felinum sp. nov. and from the unidentified ureaplasma serogroups isolated from simian, ovine, caprine, and canine sources. The type strains, strain F2 (= ATCC 49228), is also genomically distinct from the type strains of the three previously established species and U . felinum sp. nov. as determined by [3H]DNA-DNA hybridization and DNA cleavage patterns. The PAGE polypeptide patterns are also distinct from the patterns of these four species.
